Quantitative trait loci (QTLs) for plant height in rice were mapped on to RFLP maps in five populations, whose sizes varied from 135 to 250. A total of 23 QTLs were located in all 12 rice chromosomes, and eight of these QTLs were shared by at least two populations. The positions of the 23 mapped QTLs were compared to the positions of 13 major dwarfing or semi-dwarfing genes previously linked to RFLP markers. Results indicated that all 13 dwarfing or semidwarfing genes were in close proximity to the QTLs, providing evidence to support the hypothesis that QTLs and major genes were different alleles of the same loci.
Introduction
Recently, DNA markers such as restriction fragment length polymorphisms (RFLP) and specific amplicon polymorphisms (SAP) have provided hundreds of new markers which can be readily mapped in a single population. The rapid development of these DNA markers has resulted in the construction of three independent molecular maps in rice (Saito et a!., 1991; Causse et a!., 1994; Kurata et a!., 1994) .
These maps have been used to locate a series of major genes governing resistance to bacterial blight (Ronald et a!., 1992; Yoshimura et al., 1992; Zhang et al., 1994) , blast (Yu, 1991) , brown plant hopper (Ishii et a!., 1994) and gall midge (Williams et a!., 1994) and genes for morphological characters such as plant height (Yu, 1991; Ideta et a!., 1992; Kishimoto et at., 1993; Liang et at., 1994) .
The rice RFLP marker maps also permit the mapping of quantitative trait loci (QTLs). Wang et at. (1994) genes associated with root morphology and drought avoidance in the same population. RFLP analysis has also been used to map genes for associated nitrogen fixation and genes whose interaction conditions the spikelet fertility in an F2 population of an indica/japonica cross (Wu et at., 1995a,b) .
Some of the QTLs identified for partial resistance to blast are associated with major genes although it remains unclear if the QTLs and major genes are different alleles of the same loci or if they are closely linked (Wang et at., 1994) . Beavis et al. (1991) observed a similar situation with plant height in four maize populations. They found that QTLs for plant height were associated with 13 of the 18 major genes known to affect plant height. This conclusion was based on the approximate alignment of the RFLP map and the conventional marker map. It was felt that the association between quantitative and qualitative genes could be more accurately examined if the major genes were mapped relative to the RFLP markers (Beavis et a!., 1991) . Both studies seem to support the hypothesis that the major and minor genes are different alleles of the same loci (Robertson, 1985) .
In this paper, we report the identification of QTLs for plant height in five rice populations. We then compare these QTLs with the major gene loci which have been mapped relative to RFLP markers. We 130 found a strong association between QTLs for plant height and major dwarfing genes in rice.
Materials and methods

Populations
The five populations used in this study are listed in Table 1 and were derived from either indica/japonica crosses (C039/Moroberekan, 1R64/Azucena, Palawan/1R42) or indica/indica crosses (Tesanai2/ CB, Waiyin/CB). Details of population development have been previously described (Huang et al., 1994; Wang et al., 1994; Wu et al., 1995a; Lin et al., 1996 (Lander & Botstein, 1989 ) and one-way ANOVA were performed using individual measurements for data derived from F2 populations or the overall means of each line from the recombinant inbred population or the doubled haploid population. The results of these two procedures were similar. One-way ANOVA with replicated data was also performed for the doubled haploid population. The results were generally the same as those from ANOVA with overall means although giving slightly higher sensitivity in detecting QTLs of minor effect as reported by Stuber et a!. (1992) . The threshold for declaring a QTL for plant height was P<0.01 for all populations except for the population derived from C039/Moroberekan. Here, we used p< to declare a QTL as recommended in the original mapping for rice blast resistance because the population is strongly biased toward the indica parent, CO39 (Wang et al., 1994) .
Comparison of QTLs mapped in the five populations
To determine the total number of QTLs identified, we pooled the QTLs identified from each of the five populations studied. Although the types of populations used were different (DHLs, RILs and F2s), the type of RFLP markers used was the same (Causse et al., 1994) so the map locations of the QTLs could be readily compared. The RFLP map developed from DHLs (Huang et al., 1994 ) was used as a basic framework map because it is used by many other scientists to map QTLs. Using this as the basic framework map will facilitate QTL comparisons in the future. Two strategies were used to pool the QTLs. They were located directly on the map if the linked markers were already on the map. For example, six QTLs in the C039/Moroberekan population were linked to RFLP markers, namely RG331, RG1O4, RG351, RG257, RG1O3 and RG574 (Table 4) .
These markers were in the framework map, so the QTLs were located on the map directly. When the linked RFLP markers were not in the framework map, the map of Causse et al. (1994) was used to bridge all the RFLP markers. In this way, all QTLs mapped in the five populations were placed in one map (Fig. 1) . Their relative positions are covered by the lengths of bars on the map. (Table 3) . Upon positioning these genes on the framework map, they can be divided into three groups. The first group of mutants was those reported to be linked to RFLP markers already on the framework map. This includes mutants d-5 and d-27 which were then placed on the map directly.
The second group of mutant genes was those linked to RFLP markers which were not on the RFLP framework map. This includes mutant genes sd-i, d-iO, d-30, d-ii, d-33, d-18 and sdg. To place these genes on the framework map, we first placed them on the map of Causse et at. (1994) Yu (1991) d-li related them to markers in Fig. 1 . For example, mutant d-iO is closely linked to RG462 (Yu, 1991) , which is in turn closely linked to RG345 (Causse et a!., 1994), so d-iO is placed next to RG345 (Fig. 1) positioned using the same approach. Two papers (Yu, 1991; Cho et al., 1994) were consulted to place sd-i on the framework map. After considering the overall arrangement of RFLP markers and their linkage to sd-i, we agreed to place sd-i near RG220
and between RG690 and RZ730 on the map of Causse et aL (1994) .
The third group of mutants was those linked to other types of markers such as isozyme or morpho-
The Genetical Society of Great Britain, Heredity, 77, 130-137. logical markers. These markers have been shown to be linked to RFLP markers. This group includes mutants d-32, d-56, d-31 and d-9. To place these genes on to the framework map, we placed the mutant loci, linked markers and RFLPs on the map of Causse et al. (1994) and then positioned the mutants as in Fig. 1 . In doing so, other available information was also taken into account. For example, d-32 is 15 cM away from d-30 on chromosome 2 (Kinoshita, 1993) . It has been shown that d-30 is linked to Npb243IRG171 (Saito et a!., 1991; Xiao et a!., 1992) . By reference to the integration of RFLP and conventional genetic maps (Kishimoto et a!., 1993) , d-32 is believed to be located near RG157 instead of RG437 (Fig. 1) . The same approach was used to position the other three mutants (Fig. 1) .
We have placed two mutant genes, d-iO and d-li, in two different locations (Fig. 1) (Yu, 1991; Ideta et a!., 1992) have mapped d-11 with RFLP markers on chromosome 4 but at two different locations (Fig. 1) .
Results
Identification of QTLs for p/ant height in the five populations
To identify QTLs for plant height, five populations were used (Table 1) . Table 2 shows the phenotypic performance of plant height in all five populations.
The difference in plant height between the two parents is significant. were performed to identify QTLs affecting plant height. The same curves of LOD scores and F-values were observed and an example is given in Fig. 2 .
A total of 12 QTLs for plant height were identified in the 1R64/Azucena population (Fig. 1) . These QTLs were located on seven different chromosomes. The effect of the QTLs varied. The one on chromosome 1 had the largest effect among all QTLs in the 1R64/Azucena population, controlling 64 per cent of the phenotypic variation. A total of 12 QTLs for plant height were identified from the C039/Moroberekan population (Fig. 1, Table 4 ). These QTLs were distributed over eight chromosomes. Three QTLs were located on chromosome 1 and two were located on chromosomes 7 and 12. A relatively small number of QTLs for plant height were identified from the three other F2 populations. Two QTLs were detected in the Palawan/1R42 population and three were located in the Waiyin/CB population. Seven from the Tesanai 2/CB population were located on seven rice chromosomes (Fig. 1) .
The pooling of QTLs for plant height (see Materials and methods) permits the comparison of the QTLs identified in each population (Fig. 1) . Eight QTLs were shared by at least two populations but two or more populations indicated that the genes residing at those loci were segregating in those populations. At least 23 QTLs for plant height were identified from all five populations distributed over all 12 rice chromosomes. The abundance of QTLs from five populations indicated that many loci in the rice genome influence plant height which is congruent with the large number of known mutants affecting plant height (Kinoshita, 1993) .
Association of a QTL for plant height and the semidwarfing gene sd-i
An alignment with results obtained by Yu (1991) and showed that a QTL identified in chromosome 1 of the DH population was in the same region as the semi-dwarfing gene sd-i. The pedigree of 1R64 indicates that it carries the semidwarfing gene sd-i (IRRI, 1975) . It is possible that the QTL identified on chromosome 1 in the 1R64/Azucena population is sd-i. As in 1R64, 1R42
is also a semi-dwarf variety carrying sd-i (IRRI, 1975) . Analysis by one-way ANOVA and MAPMAKER! QTL on chromosome I showed that a strong QTL was near the RFLP marker, RZ730 (Fig. 1) . The QTL identified on chromosome 1 is likely to be the qualitative semi-dwarfing gene sd-i. The semi-dwarfing gene sd-i is a recessive mutant.
If the wild-type allele of the sd-i locus also has an effect on plant height, it should be detectable if it is segregating in a population. We found that in two out of three populations a QTL is located in the area close to RZ730, supporting allelic association of mutant allele sd-i and the QTL.
Association of QTLs for plant height and other dwarf mutants
In order to associate the QTLs for plant height with other dwarfing mutant genes, we need to have the major genes mapped relative to the RFLP markers.
We have recently mapped a tillering dwarfing gene (d-27) and found it to be closely linked to the RFLP marker RG1O3 where a QTL was placed in this study (Fig. 1) . Encouraged by this result, we compiled a list of dwarfing or semi-dwarfing genes which have been mapped to RFLP markers either directly or indirectly (Table 3) . These genes were placed on to the framework map (see Materials and methods) .
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Based on the location of both QTLs for plant height and major dwarfing genes, it is evident that all dwarfing genes are located very close to QTLs (Fig. 1) . There is not a single case where the dwarfing gene is not associated with a QTL. There must be an underlying reason for this high level of association between QTLs for plant height and major dwarfing genes. The best explanation is Robertson's (1985) hypothesis which states that quantitative and qualitative trait loci are the same.
Discussion
In Among the QTLs identified in the five populations, eight were identified in at least two populations. Fifteen QTLs were detected only in one population. There are several possible explanations for these observations: (i) there is no variation between the two parents for some QTLs, so there was no segregation for those QTLs; (ii) lack of gene expression in some populations because of different genetic backgrounds; (iii) environmental effects which confound the expression of some QTLs, especially for F2 populations where QTLs with very small effects cannot be detected without replicated trials.
Plant height in rice is generally considered to be controlled by both qualitative and quantitative genes. It is further assumed that qualitative genes play a major role whereas quantitative genes play a minor role. This assumption implies that qualitative and quantitative genes for plant height in rice are different genes. However, there is a very strong association between the map locations of both QTLs and major dwarfing genes, indicating that qualitative and quantitative genes may be different alleles at the same loci. Robertson (1985) suggested that qualitative genes are null or near-null alleles of quantitative loci. The results of the present study tend to support Robertson's hypothesis. The general alignment of the RFLP and conventional maps of maize has also shown that QTLs for plant height are associated with major dwarfing genes (Beavis et a!., 1991) .
This study deals with plant height. However, we assume that the observation that quantitative genes are alleles of qualitative loci may not apply just to plant height. Indeed, some major genes for blast resistance have been shown to be associated with minor resistance genes (QTLs) (Wang et a!., 1994) . Furthermore, we have observed that Xa-4 behaves as a qualitative gene for resistance to some races of bacterial blight pathogen but as a quantitative gene to other races (R. Nelson & N. Huang, unpublished data) . It is possible that this observation of association between major and minor genes may apply to many other characters.
